Fluid secretion and reabsorption by a variety of plant and animal tissues appear to be accomplished by osmotic coupling between solute transport and water movement. The local osmosis model suggests that active accumulation of solutes within narrow folds at the cell surface may produce the local gradients that generate water flow. Both micropuncture techniques and electron-probe X-ray microanalysis have established that local osrmotic gradients occur in absorptive epithelia, but they have not as yet been detected in secretory tissues.
supply is interrupted. Moreover, the glands are anatomically complex, as they are comprised of numerous small subunits, the acini, connected by elaborate duct systems that modify the primary secretion. Secretory tissues are thus studied less frequently than absorptive epithelia. The methods used to study vertebrate secretory tissues include in vivo micropuncture of acini or ducts [e.g., 7] and perfusion of isolated organs such as salivary glands [e.g. , 8] . The frog choroid plexus can be isolated in an Ussing chamber separating two saline solutions [9] , but other vertebrate secretory epithelia have not been studied this way.
In contrast to vertebrate tissues, certain simple invertebrate secretory organs are easily isolated and studied in vitro, and much valuable information has been obtained from studying them. The most extensively studied secretory epithelia are the insect Malpighian tubules and salivary glands. These are blind-ended tubes that lie free in the body cavity. Insects have an open vascular system and the tissues can be removed from the animal without severing nerves, muscles, vascular supplies, or connective tissues. Ramsay [10] pioneered the use of in vitro preparations in which a gland such as a Malpighian tubule is isolated in a drop of medium under paraffin oil. The open end of the tubule is drawn out into the oil and the secreted fluid accumulates at the tip. The bathing medium can readily be drawn off and replaced with one of different composition. The secreted fluid can be collected at regular intervals and its composition and osmotic pressure determined by micro-analytical techniques. Berridge [11] , studying Calliphora Malpighian tubules, devised a medium that closely resembles the blood of the insect. When isolated in this medium, both Malpighian tubules and salivary glands [12] continue to secrete for several days. Most important is the anatomical simplicity of the secretory tissues. They are comprised of a single layer of cells arranged into a tube. In the secretory portion of the salivary gland there is only one type of cell [13] . So convenient are these tissues to work with that many of the key experiments to be described below can be reproduced by students as part of a physiology laboratory course.
CHARACTERISTICS OF FLUID SECRETION
The fluids secreted by various glands have a number of common characteristics. Most secretions are isosmotic with respect to plasma. In some cases (e.g., mammalian saliva and sweat) the final secretion can be hypoosmotic to plasma, but this is due to the action of the ducts, which modify the initially isosmotic primary secretion.
Isolated Malpighian tubules have been used to study the effects of altering the bathing fluid composition upon the rate of secretion and the composition of the secreted fluid [10, 14, 15, 16, 17] . The secreted fluid remains isosmotic to the bathing medium when the concentration of the latter is varied over a wide range. Water movement is closely coupled to solute transport. If the transported solute (K ion in most Malpighian tubules) is omitted from the bathing medium, secretion ceases. When the concentration of the transported solute in the bathing fluid is varied, the volume flow remains directly proportional to the net flux of the transported solute. Studies on a variety of secretory epithelia indicate that filtration of plasma is not the primary mechanism, since the initial secretion differs markedly from that of plasma. In addition, most glands swell if their ducts are blocked, and secretion pressure can greatly exceed filtration pressure. Many of these characteristics, so readily demonstrated in insect preparations and in some vertebrate glands, are also found in absorptive epithelia [16] .
STRUCTURAL BASIS OF SECRETION
The functional characteristics of both secretory and absorptive epithelia all seem to point toward a mechanism involving osmosis, in which water flow is coupled to solute transport. The problem has been to locate the anatomic sites of the osmotic gradients. Isosmotic secretion clearly cannot be explained by the development of an osmotic gradient across an epithelium by solute transport (i.e., gland lumen hyperosmotic to blood). Most secretions are isosmotic or only very slightly hyperosmotic to plasma. For example, Auricchio and Barainy [18] found that aqueous humor, secreted by the ciliary epithelium in the eye, is about 5 mOsm hyperosmotic to plasma, but that this osmotic gradient is insufficient to produce the observed rates of secretion because the osmotic permeability of the epithelium is too low.' Electron microscopy [19] had revealed that the secretory surface of the ciliary epithelium was highly folded into long and narrow channels. The possibility arose that solutes could be transported into these channels, increasing the osmotic pressure within them. Osmotic water movement into the channels could generate a flow of fluid, and the fluid would become progressively diluted as it moved toward the free surface. In other words, folds in the secretory surface may establish "unstirred layers" that tend to keep transported solutes in close association with the plasma membrane long enough for them to exert an osmotic effect upon water molecules within the cell. This basic model, developed to explain aqueous humor secretion, has had wide application. One of the first important generalizations provided by electron microscopists was that the surfaces of transporting epithelia are highly folded [20, 21] [23, 24, 25] .
This model of isosmotic fluid transport, now termed "local osmosis," has been applied to a variety of secretory and absorptive epithelia [1, 16, [25] [26] [27] [28] . For absorptive epithelia such as gallbladder, the intercellular spaces have been proposed as the sites of the local osmotic gradients. A problem that has arisen since the model was proposed (see the other papers in this symposium) is that the junctions between cells appear to be leaky, and it is thus unclear how osmotic gradients can be maintained within the intercellular spaces. This problem does not arise in many secretory epithelia, where the membrane folds are at the apical and basal cell surfaces rather than between cells.
Recent anatomical studies have led to a better appreciation of the similarities between secretory and absorptive tissues, and may have implications for the dilemma of the leaky junctions. Fig. 1 gradients. Thus it is possible that the thousands of short microvillus channels of the Malpighian tubule cell may be functionally equivalent to a single intercellular space of gallbladder. However, there is also an elaboration of the lateral membranes of the gallbladder. These membranes are folded into structures that resemble microvilli in sectioned material (see Fig. 1 ). It has recently been possible to determine the threedimensional configuration of these surface protrusions by scanning electron microscopy of gallbladders that have been cleaved along their intercellular surfaces [29] . The result, reproduced here in Figs. 2-4 by the kind cooperation of Drs. M.M. Miller and J.P. Revel of the California Institute of Technology, reveal that the lateral surface elaborations are usually sheets or ridges rather than finger-like projections. Similar elaborations are present in intestine [29] . These findings show that the intercellular spaces of absorptive epithelia cannot be regarded as simple long narrow channels with smooth walls. As in secretory epithelia, the microanatomy of the cell surface must be taken into consideration, and it is possible that the individual shelflike projections of the lateral membranes of the gallbladder cells may be involved in isosmotic transport. If the fluid emerging from between the lateral leaflets were already in osmotic equilibrium with the cell interior and lumen fluid, net flow toward the serosal surface would only require that the hydraulic conductivity in the basal direction be greater than that in the apical direction, i.e., through the junctional complex. A scheme of this sort would also be consistent with histochemical observa- tions that the transport enzymes are located along the whole length of the intercellular membranes [30] instead of being concentrated toward the apical region, as originally proposed [24] . A speculative model incorporating these features is illustrated in Fig. 5b .
The basic problem in evaluating this or any of the other local osmosis models is that it has been very difficult to measure the concentrations of solutes in the spaces between cells and within channels at the cell surface. In 1969, Machen and Diamond [31] measured the streaming potentials produced by maximally transporting gallbladders and estimated from them that the intercellular spaces were 10 mM/ 1 more concentrated in NaCl than the bathing medium. In 1970, direct measurements of the osmotic pressure of intercellular fluid were published by Wall and colleagues [32] . In that study micropuncture techniques were used to obtain small samples of fluid from the spaces between insect rectal pad cells. During fluid absorption the intercellular fluid was consistently hyperosmotic to that in the lumen by an average of 130 mOsm.
Since 1970 the main interest has been in developing and applying mathematical representations of osmotic flow systems [33] [34] [35] [36] . It [30] . Leaky junctions will not interfere with local gradients if fluid emerging from spaces between leaflets has already reached osmotic equilibrium.
diffusion. After much effort, this has been achieved by three groups [37] [38] [39] . The Biological Microprobe Laboratory at Cambridge, England, has applied these methods to fluid transporting epithelia [38, [40] [41] [42] [43] [44] . Briefly, the method consists of freezing the tissue very rapidly (<0.1 sec) in liquid freon cooled by liquid nitrogen, cutting 1 ,ut sections at -80°C or colder, and examining them while stillfrozen and hydrated in an electron-probe X-ray microanalyser equipped with a cold stage at -150°C. Selected areas of the specimen are probed with a focused electron beam, generating X-rays. Each element in the specimen emits characteristic X-rays which can be detected by spectrometers. After comparison with standards, the output of the spectrometers can be converted into concentration values for the areas analysed. Gradients in concentration of Na, K, and Cl have been measured across cell membranes. While no method is without artifacts, the use of rapid freezing rather than chemical fixation greatly reduces the diffusion of solutes during preparation of the tissue for analysis. Because both water and electrolytes become bound up in crystalline lattices there is little opportunity for solute diffusion, provided the temperature is maintained below -800 C. Studies of an absorptive epithelium, the rectal papilla of the blowfly, have confirmed that the intercellular spaces have a higher NaCl concentration than the cytoplasm [42, 43] . These findings confirm the earlier micropuncture data [32] mentioned above. The precise form of the gradient (i.e., whether it is a "standing gradient") has not been established because the ice in the wider parts of the intercellu-lar spaces tends to fall out of the sections. Thus the next problem is to determine if there are changes in the composition of the absorbate as it flows through the system of interspaces. This information is needed to evaluate the standing gradient and the solute recycling schemes [45, 46] .
The microprobe methods have also been applied to secretory epithelia [38, 40, 41] . Gupta and colleagues [40] have recently probed the brush border in Malpighian tubules. The initial results indicate that the gradients, if present at all, are in the opposite direction to those predicted by the standing gradient model [24, 27] . However, there are some technical problems with these analyses because the electron beam tends to spread within the section, and because there is clearly an "anion deficit" in the brush border region, possibly caused by binding of ions to the glycocalyx or cell coat. Further study will therefore be required to determine if local osmotic gradients are present between microvilli.
Another structure that has been suggested as a site of local osmotic gradients is the secretory canaliculus found in insect salivary glands [13] as well as in other tissues [1] . The initial findings obtained by microprobe analysis [44] indicate that the Na + K within the canaliculi is some 30 mM higher than in the bathing fluid, but again there is an anion deficit of some 90 mM so that the total of Na + K + Cl is less in the canaliculus than in the bathing medium. These results are interesting and somewhat perplexing. The presence of the anion deficit may ultimately prove to be an important clue about the mechanism of water and ion transport.
CONTROL OF FLUID SECRETION
While fluids such as cerebrospinal fluid, aqueous humor, and endolymph are secreted more or less continuously, other secretory epithelia are under nervous or hormonal control so that their activities can be integrated with other physiological processes. The classical example of this is the sequential switching on of digestive secretions after feeding (saliva followed by gastric juices, pancreatic juices, intestinal glands and bile). It has recently become possible to study the regulatory processes at the cellular level. The pattern that has emerged is that the interaction of hormone or neurotransmitter with a receptor molecule in the cell membrane causes changes in membrane permeability and/or transport, leading to flow of ionic currents, potential changes, and secretion of fluid.
In recent years much new information has become available about the intermediate steps between hormone-receptor interaction and increase in solute flow. It is now clear that interaction of a hormone with a receptor at the basal surface of a cell can bring about a change in the properties of the opposite, apical surface. The question that has been asked, and partly answered, is how the message is carried across the cell. Insect tissues, especially salivary glands, have provided valuable systems to study the problem of intracellular control of secretion. The following summarizes the present status of that research, which has been largely carried out by M.J. Berridge and colleagues at the University of Cambridge.
A salivary gland isolated from the blowfly, Calliphora, secretes slowly (about 0.5 nl/min). When serotonin (5-hydroxy-tryptamine or 5-HT) is added to the bathing medium there is about a 60-fold increase in rate of fluid secretion [12] to 30 nl/min (Fig. 6) . The glands are very sensitive to 5-HT, requiring only10-7 to10-8M for maximal secretion. The response is very rapid, the maximum rate being obtained in about 60 sec (Fig. 7) . When the medium is replaced with one lacking 5-HT, secretion returns to the resting level in 60-90 sec [47] . cAMP at a concentration of 10-2M also elicits a maximal response (Fig. 6 ) although both onset of secretion and recovery are slightly slower (Fig. 7 ). This appears to be another example of the second messenger scheme [48] [50] . Cyclic AMP has also been implicated in control of gastric secretion [51] , pancreatic secretion [52] , and urine formation by Malpighian tubules [53] .
The nature of the hormone-receptor interaction in salivary glands has been studied by determining which portions of the 5-HT molecule are important in producing a successful response [54] . Fig. 8 summarizes the results in the form of a model of 5-HT-receptor interaction, while Fig. 9 illustrates some of the data upon which the model is based. The 5-HT molecule consists of an indole ring with an ethylamine chain bearing a positively charged quaternary nitrogen and a hydroxyl at the 5 position. Ethylamine and 5-hydroxyindol applied by themselves or mixed together are completely inactive in stimulating secretion. Some secretion can be obtained with longer chain amines, and amylamine can produce maximal stimulation, although a very high concentration is required (Fig. 9) . Addition of various ring structures to the molecule (e.g., as in histamine, phenylethylamine, tryptamine) improves the specificity (Fig. 9 ) but none of these compounds is as potent as 5-HT. It has been concluded that the positively charged quaternary nitrogen is the active site on the molecule and that hydrophobic components must be present for the active site to have access to the receptor. The receptoe is viewed as having an anionic site that reacts with the positive charge on the ethylamine side-chain and a hydrophobic region that is specific for the indole ring. There may be an additional site that hydrogen bonds to the hydroxyl group on the 5 position of inole, since 4-HT and 6-HT are less active than 5-HT. Apparently the hydrophobic region repels other positively charged molecules from the anionic site, and only those molecules whose hydrophobic structure complements that of the receptor can produce a successful interaction. The hydroxyl group may be important in orienting the hormone so that the quaternary nitrogen is in the correct position. Neutralization of the anionic site triggers other events, including stimulation of the adenylate cyclase [54] .
Salivary glands have also been useful for study of the mode of action of compounds related to 5-HT such as the hallucinogenic drug, (+)-lysergic acid diethylamide (LSD) [55, 56] . When LSD is applied to a gland there is rapid increase in secretion just as with 5-HT. However, unlike 5-HT, the recovery after return to normal medium is much slower. Even with continuous washing, the glands continue to secrete as though the receptor were still being stimulated. Mescaline produces similar results. LSD stimulates the same increase in intracellular cAMP concentration and the same potential changes (see below) as 5-HT. The slow recovery after LSD treatment can be speeded up if either 5-HT or the competitor, gramine, is added to the bathing medium. An explanation for this result is that the LSD molecule, with its additional rings and diethylamide group, may adhere non-specifically to structures in the vicinity of the receptor site so that the positively charged quaternary nitrogen can continue to interact with the active site on the receptor. Studies of this sort have led Berridge and Prince [55, 56] to suggest that the prolonged pharmacological action of hallucinogenic molecules may be due to their tendency to remain in close proximity to the receptor sites.
There must also be a cAMP receptor within the cell that mediates the response to the intracellular second message. Structure-activity studies can be done on the cAMP receptor using various cyclic nucleotides that are analogues of cAMP [50] . These studies are more difficult to interpret than those on the 5-HT receptor because the compounds tested do not have direct access to the receptor. There are problems of penetration of the analogues across the cell membrane as well as the possibility of competition or inhibition of the phosphodiesterase enzyme. Nonetheless, several compounds were found that stimulated fluid secretion with a time course similar to that of cAMP. Those compounds were nucleotides that were modified in the region of the purine base. Since the cAMP receptor can accommodate various purine moieties, and even the pyrimidine, uracil, it appears that the specificity of the interaction between cAMP and the receptor must be determined by the other parts of the molecule, i.e., the ribose and phosphate ring systems [50] .
As with other systems in which cAMP is involved, the most difficult problem is to determine precisely how the adenine nucleotide brings about the response. In transporting systems, one wishes to know first which cell surface is involved, the nature of the change produced (e.g., altered permeability properties or change in transport rate), and the molecular basis for the changes. In the past, transporting epithelia have often been considered to be single layers rather than multi-compartment systems consisting of bathing medium, cell interior, and lumen, separated by a series of barriers. Because of their simple anatomy, insect salivary glands have provided an opportunity to determine which surfaces of the cell are involved in the hormone response. This was accomplished by studying the electrical response of the glands to 5-HT and to cAMP. A system was devised (Fig. 10 ) consisting of two chambers separated by a liquid paraffin bath. Most of the gland lies in the perfusion bath, the contents of which can be entirely replaced with a different fluid in about 1 sec. Perfusion and saliva bath were insulated from each other by a paraffin oil-filled gap, and both were connected via agar bridges to an electrometer. Agar blocks in the perfusion bath supported the gland for micro-electrode penetration. In the initial studies [57] Prince and Berridge estimated the transepithelial potential by recording the potential between perfusion and saliva baths.2 More recently the transepithelial potential has been determined directly by recording between the bath and a microelectrode inside the gland lumen [58] . Hormonal response of the basal cell surface was measured by recording the potential between perfusion bath and a microelectrode within the cell. The response of the apical membrane potential was measured by subtracting the basal membrane potential from the transepithelial potential.
Treatment of a salivary gland with 5-HT causes the transepithelial potential to decrease from a resting level of about +15 mV to a stimulated value close to 0 mV. The change across the basal membrane was quite small, indicating that most of the response involved the luminal membrane, with the lumen becoming less positive with respect to the cell interior. A decrease in lumen positivity implied a net movement of anions into the lumen, possibly because of an increase in anion permeability of the apical membrane.
A surprising and unexpected result was that cAMP produced a different effect on the potential, increasing the positivity of the lumen [59] . This result appeared to contradict the second messenger hypothesis, since cAMP failed to mimic precisely the action of the hormone. The results make sense, however, if one assumes that the hormone has two actions: one is to stimulate anion movement directly while the other is to stimulate cation movement via cAMP. The independent effect of 5-HT on cation transport can be unveiled by replacing chloride with the less permeant anion isethionate [57] . In this situation 5-HT produces a response identical to that with cAMP, i.e., there is an increase in lumen positivity [59] . Apparently both cAMP and 5-HT (acting via cAMP) stimulate cation pumps in the luminal membrane but only 5-HT stimulates anion flow.
Although cAMP is clearly the second messenger responsible for stimulating cation movement, this compound does not mediate the effect on anion flow. Another messenger must be involved and there are indications that it is the calcium ion [60, 61] . For example, if glands are stimulated with 5-HT in calcium-free medium, there is a short burst of secretion followed by a return to the resting level. If a trace of calcium is added, secretion is stimulated. Secretion can then be turned on and off repeatedly by adding or removing calcium from the bathing medium. Calcium has comparable effects upon the transepithelial potential. In calcium-free medium, 5-HT causes the lumen to become negative for a brief period and then it becomes positive, probably because residual calcium in the cell increases anion flow briefly. Re-addition of calcium to the bathing medium causes a rapid but reversible increase in lumen negativity. In addition, it has been demonstrated using tracer techniques that 5-HT (but not cAMP) stimulates influx of 45Ca into the glands [49] .
Recent studies [58] have shown that 5-HT acting via calcium ions causes a simultaneous increase in the chloride permeability of both basal and apical membranes. The sudden depolarization of the apical membrane that accounts for the rapid change in transepithelial potential is a direct result of the increase in chloride permeability. The direction of the potential change can be reversed by adjusting the resting potential in voltage-clamped glands [58] , demonstrating that the chloride movement is passive. Further evidence for the increase in chloride permeability is the decrease in resistance occurring simultaneously across both apical and basal membranes [58] . This resistance change is dependent upon the presence of both calcium and chloride. It will be interesting to see if comparable changes in anion permeability accompany stimulation of transport in other secretory epithelia.
The initial burst of secretion and lumen negativity in calcium-free medium seems to be due to release of calcium from some internal store. If glands are preloaded with 45Ca, it is found that both 5-HT and cAMP stimulate calcium efflux from the glands [49] . This may be due to an increased mobilization of calcium from the internal store. That one messenger, cAMP, causes internal release of the other messenger, calcium ions, may provide an important clue about the regulatory mechanism [61] . Calcium ions inhibit some adenylate cyclases [e.g., 62]. The possibility arises (see Fig. 11 ) that a negative feedback system prevents the internal cAMP concentration from increasing beyond that required to stimulate the cation pumps. As cAMP concentration rises, release of calcium from the internal store is stimulated, and the calcium exerts a negative feedback effect upon the adenylate cyclase. This feedback arrangement may keep cAMP levels from becoming higher than necessary to stimulate secretion, so that the system can be turned off rapidly. Further evidence for interactions between calcium and cyclic AMP has been obtained by studying the effects of a local anesthetic on secretion and on the electrical potential [63] . These studies indicate that calcium ions may play a second messenger role equal in importance to that of cAMP [64] . Further support for this view has been obtained by treating salivary glands with the calcium ionophore, A-23187, which also stimulates secretion [65] , and by treating the glands with high potassium, which stimulates secretion provided calcium is present in the bathing medium [66] . The scheme that has emerged, and that seems to apply to a variety of invertebrate and vertebrate systems [67, 68] is that interaction of a hormone with a receptor causes a change in membrane permeability to calcium, and possibly to other ions as well, and activates the adenylate cyclase. Both calcium and cAMP mediate further actions of the hormone. The intracellular concentrations of calcium and cAMP are probably regulated by internal feedback loops.
CALCIUM LOCALIZATION An aspect of secretory regulation that B.J. Wall and I have been involved with is locating and measuring the intracellular stores of calcium that seem to be released by cAMP. A few years ago, while working with M.J. Berridge and B.L. Gupta, we developed a histochemical method for localizing intracellular depots of calcium phosphate. The method involved brief fixation followed by incubation with lead or cobalt. When we applied the method to salivary glands (and to flight muscle) we observed massive dense deposits within the mitochondria (Fig. 12) [69] . In collaboration with T.A. Hall and P.D. Peters of the Biological Microprobe Laboratory, the deposits were analyzed using the same microprobe procedure we had used previously [70] when we were studying calcium deposits on cell membranes. The mitochondrial deposits yielded strong X-ray signals for calcium, phosphorus, and the precipitating cation (lead or cobalt). The deposits were not present in other organelles (endoplasmic reticulum or amylase granules). Most importantly, the deposits were virtually absent in mitochondria of glands that had been physiologically depleted of calcium by prolonged stimulation in calcium-free medium containing EGTA. Moreover, the deposits were absent in glands from newly emerged flies, which do not seem to have calcium reservoirs since they will not secrete at all in a calcium-free medium [71] . Thus the mitochondrial deposits seem to localize a pool of calcium that can be used to temporarily sustain secretion in the absence of extracellular calcium.
It was not surprising to find calcium in the mitochondria, since there is abundant biochemical evidence that isolated mitochondria accumulate calcium and phosphate [e.g., 72]. There had been one report [73] that cyclic AMP increases the calcium efflux from isolated mitochondria, but it was not confirmed [74, 75] . While ion accumulation by isolated mitochondria has been extensively studied, little is known about the movements of calcium in intact tissues. It seemed that our lead method, combined with the X-ray microprobe, might provide a way of locating and measuring intracellular calcium reservoirs. Before proceeding, however, we had to be certain that the deposits in the mitochondria were not artifacts. Isolated mitochondria can accumulate a wide range of cations and anions [76] , and there was no way of knowing what sorts of electrolyte redistributions might take place during fixation and incubation. We therefore tried an entirely independent approach. Salivary glands were frozen extremely rapidly, using the same methods described in the previous section. Thin sections (ca. 2500 X) were cut at low temperature. The sections were then slowly freeze-dried and examined in an EMMA-4 analytical microscope. Since the tissue was completely unfixed and unstained, there was little morphological detail. However, one could clearly discern the mitochondria, as they were packed with dense deposits very similar to those obtained with lead or cobalt precipitation (Fig. 13) . The microprobe confirmed that these deposits also contained calcium and phosphorus [71] .
Rapid freezing and freeze-drying undoubtedly introduce some artifacts, but they should be different from those produced by chemical fixation. The fact that both methods gave such similar results strongly suggests that the mitochondria are the physiological reservoirs of calcium in the salivary glands. The next question is the relative importance of stored calcium vs. extracellular calcium in triggering secretion in vivo. We will need to measure changes in the concentration of calcium within the mitochondria during stimulation. It appears that we will be able to do this by using the precipitation or freezing methods combined with quantitative microprobe analySiS.
CONCLUSIONS
Fluid secretion occurs widely in nature, and an understanding of the underlying mechanisms and control processes is of general interest in biology and medicine. New techniques, initially devised for study of absorptive epithelia, are making it possible to approach secretion at the cellular and subcellular levels. The concentrations of electrolytes within and between cells is being determined by X-ray microprobe analysis of rapidly frozen specimens. The information obtained by this approach is enabling us to evaluate the local osmosis model. Local gradients of NaCl have been demonstrated between the cytoplasm and intercellular spaces in absorptive epithelia. It is more difficult to study the gradients in folds of the cell surface such as the brush border and canaliculi of secretory tissues, but the results obtained so far are not consistent with the standing gradient model.
Recent studies have indicated that fluid secretion, like many other cell functions, is controlled by intracellular second messenger substances including both cyclic AMP and calcium. Because fluid secretion can be easily quantified and rapidly switched on and off, it is a convenient cell function to study. Stimulation seems to bring about a sequence of changes, including:
1. changes in permeability of the basal cell surface leading to a redistribution of electrolytes between the extracellular fluid and the cell interior, 2. increased synthesis of compounds such as adenine nucleotides, 3. release of second messenger substances (e.g., calcium) from intracellular reservoirs (mitochondria), 4. alterations in the permeability and active transport at the apical cell surface. Now that we are learning which substances act as second messengers and how the various signals are related to each other, we can begin to study the specific ways these substances affect changes at the cell surface.
